differ dramatically from the host, meaning that the spatial and temporal scale at which 48 demographic processes can be detected in the host and parasite populations can be very 49 different (Nieberding & Olivieri 2007) . For example, RNA virus genomes evolve faster than 50 their hosts, allowing the reconstruction of very recent events during their evolution 51 (Nieberding & Olivieri 2007) . Some parasites also have smaller effective population sizes 52 (N e ), which has the effect of increasing genetic structure within populations (Nieberding & 53 Olivieri 2007) . If parasites are to be used to elucidate their host's evolutionary history, they 54 are most useful when they have transmission routes that link them closely to the movement or 55 reproduction of their hosts, such as vertical or sexual transmission (Nieberding & Olivieri 56 2007) . Furthermore, as a typical RNA virus, DMelSV's mutation rate is several orders of magnitude 68 higher than that of Drosophila (Carpenter et al. 2007 ; Keightley et al. 2009 ). As is common 69 for negative-sense RNA viruses, there is no evidence for genetic recombination between 70 sigma viruses in nature (Carpenter et al. 2007 ), so phylogenetic approaches can be used to 71 investigate its evolution. However, as a pathogen it can be subject to strong selection and has 72 variable prevalence, which will decouple patterns of genetic variation in the host and virus 73 (Fleuriet & Sperlich 1992; Fleuriet & Periquet 1993; Carpenter et al. 2007 ; Wilfert & Jiggins 74 2013) . 75
Few organisms have been as well studied as the fruitfly Drosophila melanogaster. From the 76 earliest days of the field of genetics, D. melanogaster has allowed researchers to gain insights 77 into fields ranging from development to aging, physiology to behaviour, and immunology to 78 sexual selection to name but a few. However, to this day, we know surprisingly little about 79 this species' ecology and natural history in the wild (Keller 2007) . Today, D. melanogaster is 80 a human commensal with a cosmopolitan distribution. Based on genetic variation at all levels 81 of the genome, it is clear that its origins lie in sub-Saharan Africa (reviewed in David and 82 Capy (1988) and Stephan & Li (2007) ). It has been suggested that its dependency on humans 83 dates back as far as 18,000 years (Lachaise & Silvain 2004) , predating its move into Europe 84 sometime after the last glaciation which ended about 16,000 years ago. It then spread across 85 Eurasia, but was only able to reach the Americas, Australia and remote islands with the help 86 Milstead (1987) demonstrated that released alleles of D. melanogaster spread ~10 km in 3 97 months through a continuously habitable and pre-colonised area, potentially by a combination 98 of active dispersal and passive wind transport. High rates of dispersal also occur in the closely 99 related and ecologically similar species D. simulans. Here, the vertically transmitted bacterial 100 symbiont Wolbachia spread at a rate of more than 100 km per year across California, which 101 allowed Turelli & Hoffmann (1991) to estimate that migration rates in nature are far greater 102 than typically observed in behavioural experiments. One particular aspect of migration that is 103 not fully resolved is the extent to which populations in temperate and cold regions are 104 resident, overwintering in local refugia such as human households, or whether these 105 6 populations are partly reseeded annually by immigrants from warmer regions (Keller 2007) , 106 generating biased migration from south to north in the Northern hemisphere. 107
Here, we study the population genetics of DMelSV and demonstrate a link between the 108 demographic histories of this obligate parasite and its host. On the one hand, this close 109 association may be shaped by coevolution between host and parasite. At the same time, the 110 rapidly evolving virus can give insights into its host's ecology that are hard to discern by 111 studying the fly's genetics. 
Virus isolates 116
As DMelSV is vertically transmitted, it can be isolated by collecting infected flies and 117 establishing infected fly lines in the laboratory. After allowing flies isolated from the field to 118 reproduce in the lab, we diagnosed DMelSV infections through exposure to CO 2 , a treatment 119 from which uninfected flies fully recover but which leaves infected flies paralysed (Brun & (3 samples from Athens, Greece: AM689323, AM689330, AM689331; 4 from  128 Essex, UK: AM689310, AM689314, AM689317, AM689318; and 1 from Georgia, USA: 129 AM689320). The populations in Essex, UK and Athens, Greece, were repeatedly sampled 130 across these years. We also included Hap23, a well-studied lab isolate of DMelSV. Infected 131 fly lines collected up to the end of 2007 were maintained in the laboratory for 0.5 to 2.5 years 132 in isofemale lines (with the exception of the 8 lines for which we retrieved sequences from 133
Genbank, see above). During this time, we substituted the 2 nd and 3 rd wild-type chromosomes 134 with the isogenic line Ca.). The viral isolates were sequenced using direct sequencing of PCR products using Sanger Table A2 for primer sequences). The 149 sequences were assembled into contigs and aligned using Sequencher 4.2 (Gene Codes 150 the n, p, x, m and g genes in the '3 prime half of the DMelSV genome and found no evidence 152 for heterozygotes in this data. All sequences have been submitted to Genbank under the 153 numbers GQ451693-GQ451695 and HQ655003-HQ655110. Additionally, we sequenced 154 1015 bp of the p-and g-genes of an additional 57 isolates from the UK and Ghana (559 bp 155 and 456 bp of each gene respectively; Genbank accession numbers JN167249-JN167305). 2009)) over a period of 10 -20 years. The substitution rate was calculated by a maximum 172 likelihood approach, assuming a Poisson process. The confidence intervals are based on a 2-9 unit reduction in the log-likelihood, taking account of the uncertainty in the divergence time 174 of lines A3 and A3-E55 by basing the lower and upper value of the confidence intervals on 175 the values for the longer and shorter divergence times respectively. As there was no 176 significant difference between mutations at the 1 st and 2 nd codon position as opposed to the 3 rd 177 position (Fisher's Exact test, p = 0.453), we interpret this rate as the mutation rate, rather than 178 the evolutionary rate, assuming that divergence times and selection strength for these lab-179 maintained lines may not have been sufficient to purge slightly deleterious mutations (Rocha 180 et al. 2006) . We have implemented this by using the mutation rate as a prior for the 3 rd -codon 181 substitution rate for phylogenetic analyses. 182 183
Phylodynamic reconstruction 184
All phylogenetic analyses were carried out on two data sets: 1) 'short': a dataset consisting of 185 1015 bp of the partial p-and g-genes from 176 viral isolates, which includes the 8 previously 186 To test whether molecular clock rates are uniform across the tree, we first ran models with a 214 relaxed uncorrelated lognormal molecular clock ). Based on the shape 215 of the marginal posterior distribution of the clock parameter, a strict molecular clock could 216 not be excluded. In accordance with these tests, the models assume a strict molecular clock 217 for sequence evolution. We used the experimentally determined substitution rate as a fully 218 11 informative prior for the third codon position, accounting for uncertainty in this parameter by 219 approximating with a lognormal distribution (mean in real space = 3.95 x 10 -5 , log(standard 220 deviation) = 0.5 substitutions/year/site). For all other priors (except location rate prior for 221 phylogeograpic models, see below), we used the default priors implemented in BEAUTI 222 1.7.5. We ran models with 2 runs each of 10 million MCMC generations, sampling the chain 223 every 1000 generations with a burn-in of 1 million generations, to obtain effective sample 224 sizes >200 for all parameters, except for the model exploring exponential growth within the 225 'common' clade, which we ran 3x as long to obtain effective sample sizes > 200. We 226 combined the two runs using Tracer v.1.5 and examined them for convergence. We used 227
TreeAnnotator v. 1.7.5 to produce Maximum Clade Credibility (MCC) trees. 228
To infer migration rates and geographic origins of branches, we fitted a discrete 229 phylogeographic model with an assymmetric substitution model as described in Lemey To allow us to date events on the DMelSV tree, we first estimated the rate of sequence 262 evolution of the virus. To do this, we counted the number of sequence changes that had 263 13 occurred over several years in viruses that we maintained in Drosophila lines (see methods 264 for details). We estimated that there are 3.95 x 10 -5 (C.I. 1.5 x 10 -5 -9.5 be noted that using contemporary evolutionary rates to infer the divergence of viral clades in 280 the distant past may lead to underestimates of the true age of these events (Sharp & 281 Simmonds 2011). 282 283
Structure and migration between continents 284
There is a striking difference in the distribution across our phylogeny of isolates from Africa 285 and the other continents (Figure 1 ). We only have three isolates from Africa, but even this 286 14 sample size shows that diversity in Africa is greater than elsewhere. The three African 287 sequences are each found on distant lineages, with two of them having no close relatives 288 among the isolates from other continents. This is reflected in a higher genetic diversity of the 289
African sequences compared to the pooled sample of non-African sequences (short alignment: 290 π Africa = 0.06, π non-Africa = 0.01). 291
The European and North American isolates are also genetically distinct. These isolates 292 are mostly clustered together in the 'common' clade, with single sequences from each 293 continent in the 'rare' clade ( Figure 1 ). Within the common clade there is substantial 294 genetic structure between Europe and the US, with sequences that are genetic nearest 295 neighbours overwhelmingly being within the same continent (Hudson's nearest neighbour 296 statistic, short alignment: S nn = 0.95, p < 0.001) (Hudson 2000) . Genetic diversity is higher in 297
Europe than North America (long alignment, common clade: π Europe = 0.008, π US = 0.003). 298
This does not appear to be accounted for by the larger number of populations sampled in 299
Europe, as the genetic diversity within the US, comprising samples from San Diego 300 (California), Raleigh (North Carolina) and, for the short dataset, Athens (Georgia), is less than 301 that of any of the European populations (Table 1) To test whether these patterns of migration between continents are supported statistically, we 307 analysed migration between Kenya, Europe and the US using the asymmetric 
Structure and migration between populations 316
There is also genetic structure between populations on the same continent (Figures 1 and 2) . 317
To investigate migration at this finer scale, we analysed isolates in the common clade from 318
Germany, Greece, Spain, Sweden, UK and the US (we excluded Africa due to low sampling). 319
These populations are strongly genetically structured as indicated by a high value of Hudson's 320 nearest neighbour statistic (S nn = 0.835, p < 0.001). Some populations, such as the UK and 321 US, are largely monophyletic, whilst others, such as Germany, are more scattered across the 322 tree. This is reflected in our estimates of genetic diversity, which are higher in continental 323
European populations than in the UK and US (Table 1) . 324
We used a Bayesian phylogeographic approach to reconstruct routes of migration between 325 populations. As shown in Fig. 2 , we found strong support for migration from Greece to 326 Germany, with the German population serving as a hub with migration supported to all other 327 populations, including the US. It should be noted that immigration from other unsampled 328 populations around the world could inflate diversity in Germany and generate this pattern, so 329 this conclusion should be treated with caution. Additionally, we found support for migration 330 from the US to the UK, due to a single recent back-migration event ( Fig. 1 and 3) . In 331 accordance with these discrete migration routes, we find little evidence of isolation by 332 distance: geographic distance explains only 8 % of the pairwise genetic distance between 333 samples (Mantel-Test, 10000 replicates, p <0.001). 334 335
Effective population size 336
Sequence variation can also allow us to estimate the effective population size of the virus (Ne) 337 and reconstruct how it has changed through time. Using the alignment of all 176 sequences, 338
we estimate that the global effective population size of DMelSV is 1.7 x 10 4 (95 % HPD 0.4 339
x 10 4 -3.7 x 10 4 ). Population structure means that this estimate depends on our choice of 340 sampling scheme, so we also estimated N e in the monophyletic branches in the largely closed 341 We found evidence for changes in the genetic composition of the viral population in Greece 359 through time. The Greek isolates are found on two branches of the phylogenetic tree ( Fig. 1 &  360 3). As shown in Fig. 1 As expected given its low effective population size, we see far greater population structure in 392
DMelSV than one would expect to find in the Drosophila genome. This variation can 393 therefore potentially be used to provide high resolution insights into the past demography and 394 migration of the flies themselves. This could be valuable, as despite being one of biology's 395 best-studied organisms, many aspects of D. melanogaster's field ecology remain obscure. 396
However, this must also be done with caution, as natural selection within the viral population, Andolfatto 2006). However, it is thought to be common for long-term rates of sequence 413 evolution in viruses to be much slower than are observed over short time periods, and this 414 may frequently result in massive underestimates of the age of distant nodes on viral 415 phylogenies (Sharp & Simmonds 2011) . With this bias in mind, along with the substantial 416 errors attached to all the estimates, we would tentatively suggest that the most parsimonious 417 explanation of our data is that we are seeing the traces of the global fly migration (although 418 selection in Europe may also be important; see below). In North America, we estimate that 419 the most recent common ancestor of the 'common' viral clade dates back ~114 years to the 420 turn of the last century. This suggests that DMelSV arrived in the United States at the 421 beginning of the invasion of this continent by D. melanogaster in the late 19 th century (Keller 422 20 2007) . A recent invasion is also supported by a local pattern of population growth and the 423 lack of genetic structure across the US (albeit with limited sampling). of immigration from the south. Therefore, rather than being recolonized every generation, this 460 population appears to have persisted over the long term and has probably exported migrants 461 elsewhere. This is despite evidence that DMelSV infection may reduce overwintering success 462 in D. melanogaster (Fleuriet 1981b) , which further increases the chances of recolonisation 463 from the south. While our data indicates that northern populations are not recolonized from 464 the Iberian or Balkan peninsulas every spring, an alternative explanation of our data is that 465 northern European populations could be recolonised from un-sampled populations in Africa, 466
Asia or South-America through the global fruit-trade, or from Italy. While sampling of these 467 populations would be required to formally reject this hypothesis, it seems improbable to us 468 22 that immigration from these areas would be greater than from nearby populations within 469
Europe. 470
Within the South-East of England we carried out a detailed large-scale study of the local 471 population structure of DMelSV. This revealed very little population structure and variation 472 over years, and in particular showed no evidence of migration other than the long-term trait may have affected the patterns we see. However, it is possible that the common clade is 502 largely virulent, and the migration patterns may be partly driven by selection on this trait. 503
In conclusion, we show that the vertically transmitted D. melanogaster pathogen DMelSV has 504 been associated with its host for several thousand years. It has a much smaller effective 505 population size and higher mutation rate than its host, resulting in high levels of genetic 506 structure and a detailed record of recent migration events. The virus has spread around the 507 world following the same migration route is its host, and there is a low rate of ongoing 508 migration within and between continents. The degree of genetic structure and direction of 509 migration suggest that D. melanogaster can persist in temperate and cold climates. were found. Posterior support >0.6 is indicated for nodes of at least 3 rd order. 729
730
Tables 731 Table 1 : Genetic diversity in DMelSV populations. Estimates are based on either 1015bp of 732 sequence from 176 isolates (π short ), or 5732bp of sequence from a subset of 111 isolates (π long ). 733 π long π short Germany 0.00767 0.00789 
